The mass spectra of the metal carbonyls of Ni, Fe, Cr, Mo and W have been established. The ionization potentials and the energy necessary to form the various fragment ions have been measured. These data are used to calculate heats of formation for the various ions. The following dissociation energies were also calculated from the appearance potential data and ancillary thermochemical data and the valence state excitation energies: 1) specific bond dissociation energies for singly charged metal carbonyl ions, 2) average dissociation energies for singly charged parent ions, 3) average dissociation energies of neutral metal carbonyls to ground state products in which case comparison to calorimetric measurements are given, and 4) average dissociation energies of the metal carbonyls to valence state excited products. The unimolecular decomposition of metal carbonyls is discussed and the appearance potentials of the metal ions are used to calculate valence state excitation energies for the metal atoms. These values, W* = 3.18eV, Mo*=4.92eV, Cr* = 8.04eV or 7.41 eV and Fe* = 6.57 eV are in excellent agreement with the observed spectroscopic values for Mo and with the values calculated from spectroscopic measurements of Cr and Fe. The value for the valence state excitation energy of W is the first reported in the literature.
Several reports
2 9 on the mass spectra of metal carbonyls have appeared since the pioneering work of BALDOCK and SITES 10 with Ni(CO) 4 , FE(CO) 5 and W(CO) 6 . One report of the negative ion spectra and the energetics of unimolecular decompositions has recently been published n . Most of these investigations, however, have concentrated on the energetics of ionization and dissociation of positive ions produced by electron impact 2~7 . Different inlet systems have been used to sample the carbonyls and different instruments were used to accumulate the mass spectral and ionization efficiency data. Various techniques have been used to evaluate the ionization efficiency curves from which ionization and appearance potentials were obtained.
The workers at Kansas State University 2 * 3 used a Bendix T.O.F. instrument and employed the proce-dures of LOSSING et al. 12 , WARREN'S 13 "extrapolated difference" and KISER'S 14 "energy compensation". The Italian workers 5 ' 6 used a modified Atlas CH-4 instrument and employed HONIG'S 15 "critical slope" method for determining the ionization and appearance potential values. The Russian workers 8 reported only ionization potentials and they used a laboratory-built instrument equipped with a photon impact ion source. The ionization potential measurements, from the two laboratories 2 ' 3 ' 6 where electron impact was used, are in fair agreement. Excellent agreement occurs for many of the fragment ion onset potentials but discrepancies as large as 3 eV occur for some of the lighter fragments.
We have used the vanishing current procedure 16 to obtain the ionization potentials of Ni(CO) 4 , Fe (CO) 5 , Cr (CO) 6 , Mo(CO) 6 and W(CO) 6 which agree within expected accuracy limits with those published by others 2 ' 3 ' 6 . The appearance potential values for the fragment ions reported here generally agree with those previously published 2 ' 3 ' 6 . When all our results are viewed in the light of the earlier work of others, thermal decomposition in the ion source appears to have been a significant difficulty in the study of electron impact induced decomposition of these metal carbonyl samples. It is probable that relatively large errors in the reported values for fragment ions are caused by thermal dissociation prior to the electron impact induced ionization and unimolecular dissociation.
An additional purpose of this report is to present an interpretation of the ionization and dissociation processess which occur in the mass spectrometer ion source. The validity and usefulness of this interpretation is tested by calculations of valence state excitation energies of the metal atoms in these metal carbonyls. These calculations agree remarkably well with those obtained from experimentally independent measurements and calculations 17_19 .
Experimental
Instrumental. The sampling system, ion source and ion detector of the modified General Electric mass spectrometer used for these studies has been previously described 20 -21 . Fe(CO) 5 , Cr(CO) 6 , Mo(CO) 8 and W(CO) 6 were introduced into the ion chamber through the molecular leak of a Microtek Universial inlet system. When Ni(CO) 4 was sampled from this system, poor spectral stability was achieved because of rapid decomposition in the sample reservoir. An "internal viscous leak" system (shown schematically in Fig. 1 ) was developed to sample this material. The in. non-magnetic stainless steel tubing which shrouds the copper capillary is compatible with the vacuum lock 20 normally used in our laboratories for direct insertion techniques. Thus it is possible to place the teflon shroud directly into the ion chamber. The end of the capillary is then within 1.5 mm of the electron beam. With this system, wall collisions at low pressure (^10 -6 Torr), which apparently catalyze the decomposition, are minimized and stable spectra for Ni(CO) 4 are obtained.
Coupling this device with the Microtek external system was also convenient for separate introduction of the voltage calibrating gas, xenon, so that mixing of the xenon with the samples prior to introduction was unnecessary. The xenon was introduced similtaneously from the Microtek system when Ni(CO) 4 was studied.
For the other more stable carbonyls the xenon was introduced from the "internal viscous leak" system. Previous investigators 2 ' 6 allude to tungsten filament and cleanliness difficulties which were not experienced during the course of our studies. The apparent improved behavior of these carbonyls in our mass spectrometer may be due to the lower ion source pressures possible because of enhanced sensitivity. The time normally required to obtain data for the appearance potential determinations may also have been a contributing factor to some of the earlier difficulties 2 ' 6 . Our adaptation of the vanishing current procedure 16a makes possible a considerable reduction in the time necessary to make these measurements.
Onset Potential Measurements. Simultaneous introduction of the xenon voltage calibrating gas and the metal carbonyls was used for all the samples studied and the vanishing current method 16 was used to obtain the onset potentials.
Materials. The metal carbonyl samples were purchased from Alfa Inorganics, Inc. (8 Congress St., Beverly, Massachusetts) and used without further purification.
Results and discussion
Mass Spectra. Histograms of the mass spectra based on percent total ionization are shown in Fig. 2 . Only the parent ions and the M(CO) x ® (:r = 0 to 5) fragment ions are shown here since more than 95% of all the ions which contain the metal atom are due to these fragments. A large CO" peak and a measurable C0 2 ® peak Avere observed for each sample. The CO® remained fairly constant at inlet temperatures of ~ 150 °C for the carbonyls of Fe, Cr, Mo and W. Between 150° and 250 °C a rapid decomposition occurs, the CO® and C0 2 ® increase while the parent ion and all M(C0)a;® ion intensities fall rapidly to zero.
FOFFANI et al. 6 used base peak line diagrams and WINTERS and KISER used numerical tabulations to represent their mass spectra. We have calculated percent total ionization from their data and line diagrams of these results are included in Fig. 2 . The agreement of the fragmentation patterns is satisfactory, especially since exact experimental conditions are not defined in all cases and the spectra were obtained with three different instruments.
The almost negligible intensity for the W(C0) 5 ®, explainable periodic trend. The reader is referred to previous papers 2-9 for other discussions of mass spectral features.
We have measured most of the doubly charged ion current intensities and report the ratio of these intensities to the singly charged fragments in Table 1 . Only a few ion currents due to metastable transitions were observed and these are not reported here. Mo (CO) 6 and Cr (CO) 6 according to the following scheme: 1) WARREN'S 13 extrapolated difference procedure was used, 2) the measurements were made using two different 60° sector instruments, 3) the voltage calibrating gases were mixtures of argon and xenon introduced simultaneously with each individual carbonyl sample, 4) multiple introductions spread over a period of nine months were employed, and 5) additionally, mixtures of Cr(CO) 6 and Mo(CO) 6 were used on one instrument and mixtures of Cr (CO) 6 , Mo (CO) 6 and W(CO) 6 were used on the second instrument to further study the possible difference in the ionization potential. No difference within 0.05 eV could be confirmed. We conclude from the results of these measurements that the possible difference in the electron impact ionization potentials of Cr(CO) 6 , Mo(CO) 6 and W(CO) 6 are within the experimental reproducibility limits of 0.05 eV. The average measured values including the results from both instruments which agree within 0.05 eV are 8.44 for Cr(CO) 6 , 8.43 for Mo(CO) 6 and 8.48 for W(CO) 6 .
As suggested by FOFFANI et al. 6 and indicated by the measurements reported here, the electron is probably removed from the metal atom during ionization. In all cases the ionization potential of the metal carbonyl is less than 1.5 eV higher than the corresponding values for the free metal atom. The possibility of ionization at one of the CO group sites is obviated by the high (14.0 eV) ionization potential of CO.
Fragment Ion Appearance Potentials. The heats of formation in kcal./mole of the molecule-ions and all the fragment ions are tabulated in Table III 
The tabulation in Table II Our appearance potential data supports the proposition of successive loss of CO groups from the molecule-ion by a step-wise process. Line diagrams of these appearance potentials (see Fig. 3 ) vividly depict the increased electron energy required to form each successively lighter fragment ion. We have included for comparison purposes bar graphs of the data of others 2 ' 3 ' 6 , who have measured electron impact values for these same fargments. Most of our measurements are within the range of values quoted by the previous investigators. The discrepancies which exist between the three laboratories may well be due to varying amounts of thermal decomposition of the carbonyl samples. If this thermal decomposition occurs, the appearance potential measurements, especially of the lighter fragment ions, would vary with the temperature of the ion box. We have maintained the ion box temperature constant for all our measuremens reported here for the sake of constancy in instrumental parameters. However, our preliminary results for substituted metal carbonyls suggests that thermal decompositions in the ion box are appreciable even at temperatures well below the expected thermal stability of these samples.
The energy requirements for dissociative loss of a single CO group from the parent molecule-ion and all the fragment ions is of interest. These specific bond dissociation energies in the ions have been calculated from the appearance potential data of Table III by taking successive differences and are listed in Table IV . The most constant value for the dissociation energies occurs for loss of the first CO group from the parent ion. This constancy disappears rapidly as successive CO groups are dissociated. In most instances, the dissociation energy increases with each successive rupture of a metal-CO bond. An increase is observed for sixteen of the dissociations studied while a decrease occurs for only six dissociations. In all cases, except the dissociation of Fe (CO)®, the energy required to rupture the last metal-CO bond is the greatest. Average Ground State Dissociation Energies for Neutral Molecules. The appearance potential of the metal ion from a metal carbonyl and the known ionization potential of the free metal atom may be used to calculate the total dissociation energy. The electron impact process is M (CO) y + e->M®+j/ (CO) + 2 e Since average dissociation energies to ground state products have been calculated from the calorimetric measurements of COTTON et al. 18 , we include these values in column 2. The electron impact values in column 4 are 0.4 to 0.6 eV high in each case. This discrepancy may be explained on the basis of excitation and excess kinetic energy in the metal ion fragment or upon the basis of formation of the metal ion in its valence excited state rather than the ground state assumed in Eq. (2). The results appear to be more consistent with the second explanation.
If one assumes, as has been done for neutral carbonyls 18 , that the dissociated metal ion is in an excited state, then the electron impact process given in (2) ought to be M(CO) y + e->-M®* + ?/(CO) + 2 e (4) and Eq. (3) for the calculation of the total dissociation energy becomes,
The dissociation energies calculated from Eq. (5) are tabulated in column 3 of Table V . These values correspond to the ground state dissociation energies and agree remarkably well with those obtained from the calorimetric measurements. The only large discrepancy lies in values for the dissociation of NI(CO)4. WINTERS and KISER 3 , using calculations similar to those described here, have observed discrepancies of the same order of magnitude for the zl//f(Ni®*). It is possible that sampling difficulties due to the thermal and light sensitivity of NI(CO)4 may have caused the calorimetric values to be too low. Conversely, unknown kinetic and excitation energies may have caused the electron impact values to be too high although in this case it is difficult to reconcile the good agreement in the cases of Cr, Mo, W and Fe whose carbonyls are not as sensitive as Ni(CO) 4 .
Some estimates of the periodic trends and the comparative dissociation energies of neutral carbonyls and the molecule-ions may be made from the data given in Tables IV and V. The average dissociation energy increases by 0.3 to 0.4 eV for both the molecule ions and the neutral molecules as one proceeds from the light to heavy members of the group, Cr to M to W. These same bond energies increase with molecular weight, but to a lesser degree (0.1 to 0.2 eV) as one proceeds across the row, Cr to Fe to Ni.
The strength of the metal-CO bond in the neutral molecules relative to the bond energy of the positive ions is significant. In each case, the average bond energy of the positive ion is 0.3 to 0.5 eV higher than the neutral molecule. This observation is not consistent with extensive n bonding in metal carbonyls. If ionization involves removal of one of the valence electrons from the metal atom, the resultant charged metal should cause a decrease in the degree of n bonding to the CO groups and thus weaken all the metal-CO bonds. These mass spectral results suggest that the extent of back-bonding of the d-orbital electrons from the metal atom to the CO group to form n bonds is small compared to the bond strength of the o bonds between the metal and carbon atoms.
Electron Impact Induced Unimolecular Decompositions. COTTON et al. 18 have used valence state excitation energies based on spectroscopic measurements for Ni and the work of SKINNER and SUMNER 17 to compute AH* values for the reaction,
From these computations it was concluded that an average dissociation energy in the neutral molecules of 3.7 eV per metal-CO bond is reasonable. It was also concluded that equal average dissociation energies to valence state products are plausible for the carbonyls of Ni, Fe and Cr. ABEL 25 has suggested, in his review of metal carbonyls, that such AH* values for these reactions may yield a more "real" indication of metal-CO bond energy. The electron impact induced dissociation of metal carbonyls is essentially an isolated reaction system since intermolecular collisions are negligible at the ion source pressures employed. Thus it appears that the measured appearance potentials could well correspond to the heat of reaction involving the production of valence state products. Indeed, this appears to apply to the metal ion which has been completely stripped of its ligands since adjustments for the valence state excitation energy are required to achieve the correct average ground state dissociation energy (see column 3 of Table V) . If the ionization and unimolecular decomposition of the metal carbonyls are considered from this viewpoint, then the appearance potential of the metal ion may be related to the "real" bond dissociation energy of the neutral carbonyl into valence state products. Valence state excitation energies of the neutral metal atoms can then be calculated directly from observed appearance potentials and ancillary spectroscopic values for metal ion excitation energies. The procedure is straightforward and Ni(CO) 4 is used in a sample calculation. The assumed unimolecular decomposition process leading to the formation of Ni®* ion is Ni (CO) 4 + e -Ni®* -f 4 (CO) * + 2 e .
This process may be represented as a two step reaction Ni (CO) 4 -> Ni* + 4 (CO) *
and Ni*-> Ni®* + e.
The equation for the appearance potential is then Table IV ). The "real" total dissociation energy for Ni(C0) 4 calculated from Eq. (12) The comparison of the electron impact AH and AHho values (column 7) to the corresponding values calculated from spectroscopic measurements (column 6) is particularly satisfying. The comparison of AH Cr, where a 0.7 eV discrepancy exists, is not nearly so favorable. The A.P. of Cr® would have to be adjusted from 17.07 to 17.78 eV to achieve exact agreement with the spectroscopic AHcr = 7.33 eV. While errors as large as 0.7 eV are not unexpected for some A.P. measurements of fragment ions resulting from a complete dissociation, the normal expectation is that our measured value of 17.07 eV for Cr® is a maximum value. If, however, some of the observed Cr® ion current results from fragmentation of thermal decomposition products, our A.P. value would be to low and the normal upper limit suggestion for electron impact measured appearance potentials would not be valid in this case. Including errors of this type, we suggest from the comparison of these calculations for AH* of Cr, Mo and Fe that the agreement in the cases of Mo and Fe may be fortuitous and that errors as large as that observed for Cr are possible when electron impact measurements are employed to calculate valence state excitation energies.
An additional test of the probable accuracy of excitation energies calculated by this procedure is to use appearance potential data from another laboratory. The A.P. data of WINTERS and KISER have been used to calculate the AHy^ values listed in column 8. It may be significant to point out that the error in the AHc r is also the greatest when the A.P. values of WINTERS and KISER 2 ' 3 are used. A reasonable estimate based on the comparison of these results and our own results to the values given by SKINNER and SUMNER 17 is that excitation energies per metal-CO bond are accurate to ~0.1 eV. Future exacting measurements on molecules where the bonding is well known may possibly be used to achieve even better accuracies.
The calculated value for the excitation energy of tungsten is 2.94 eV from our A.P. measurements and 3.02 eV from the data of WINTERS and KISER.
